Superplastic bulge forming of commercial grade AA8090 Al-Li alloy sheet was done. The sheet contained three layers of distinct microstructural features along thickness direction. In order to understand the effect of such microstructure on the forming parameters, the blanks of three different layers, viz. surface layer, middle layer and composite layer, comprising of different microstructures, were obtained from the as-received sheet. Three different forming pressures-low, intermediate and high, corresponding to initial strain rates of 4 × 10 −4 , 1 × 10 −3 and 5 × 10 −3 s −1 , respectively, were employed for forming of each layer. The superplastic forming characteristics, including thickness and bulge profile, of surface layer were found to be superior to middle layer. It is interesting to find that the composite layer also exhibited better bulge profile and more uniform thickness distribution than middle layer. The difference in forming characteristics among different layers can be attributed to the presence of favorable equiaxed microstructure in the surface layer and unfavorable elongated grains in the middle layer.
Introduction
Superplastic forming (SPF) is usually carried out by applying inert gas pressure on one side of blank, while holding the sheet at its periphery into a die [1] . SPF through gas blowing has made it possible to form near net shapes and complex parts in one go. The obvious advantages of SPF include weight and cost savings and, because of low flow stresses required, a considerable reduction in die wear. But, superplastic forming is not without its share of disadvantages, which are inherent either to forming process or phenomenon of superplasticity itself. Inherent to forming is the thickness variation in the formed component; whereby the thickness is more near the region where the die holds the blank (edge) than the region away from it (center). The thickness variation also arises whenever some part of sheet during forming comes in contact with the die. The disadvantages associated with superplasticity generally include the cavitation and longer forming cycle time. The thickness variation and cavitation deteriorate post forming mechanical properties of the superplastically formed components. There appears considerable success in reducing the level of cavitation by using back pressure [2, 3] , whereas the thickness variation during superplastic forming still remains an issue.
Unlike the usual assumptions of the models for superplasticity [4] the strain rate sensitivity index does not remain constant even over optimum strain rate range, but varies with strain rate [5] . The strain rate sensitivity index is reported to be maximum at intermediate strain rates and drops substantially at low and high strain rates [6] . During uniaxial tensile test at constant crosshead speed the strain rate drops with increasing strain. Similarly the strain rate is known to vary considerably during constant pressure forming and its nature of variation appears different at the apex and at the edge of the bulge [7] . The extent of thickness variation during forming is a strong function of the peak strain rate sensitivity index (m) of the material and the increase in latter reduces the thickness variation in the formed component [8, 9] . In view of this, most of the reported research works on superplastic forming were concentrated on the development of variable pressure cycle (pressure versus time curves) for blow forming in order to deform the sheet (where it experiences maximum strain) at the strain rate associated with the peak m value [10, 11] . Although the simulated pressure profile enables a control of strain rate in the region of maximum thinning, there occurs substantial strain rate variation along the different parts of the sheet. For example, the strain rate practically drops to very low value at the location [12] where the die holds the sheet and in the region where the sheet comes in contact with the die wall [13] . The other option to obtain uniform thickness is to introduce thickness profile in the starting blank, which would compensate any thickness variation upon forming. Also, by varying the microstructure locally the thickness variation has been reported to improve [14, 15] .
The AA8090 Al-Li alloy is known to have microstructural gradient in the through thickness direction; with the outer surface layers having fully recrystallized and nearly equiaxed grains, and the middle layer having unrecrystallized elongated grains. The unrecrystallized elongated grains in the middle layer are reported to evolve into recrystallized microstructure through deformation induced continuous recrystallization (DICR) [16, 17] . However, microstructural evolution in outer surface layers results in dynamic grain growth. These microstructural changes profoundly affect the strain rate sensitivity of the material [18] . The effect of such microstructural evolution on uniaxial superplastic deformation properties were investigated earlier [18, 19] but the same is not reported during superplastic forming (SPF) of AA8090 Al-Li alloy [20, 21] . Therefore, in the present work, an attempt is made towards understanding the thickness variation resulting from superplastic forming of AA8090 Al-Li sheets of different starting microstructures along its thickness.
Experimental procedure

Material
The commercial superplastic grade AA 8090 Al-Li alloy was obtained in the form of 3 mm thick sheet. The composition in wt% is 2.7Li-1.4Cu-0.56Mg-0.12Zr-balance Al. The initial microstructure is shown in Fig. 1 , which contains distinct microstructural gradient along thickness direction as discussed elsewhere [22] .
Superplastic forming
To understand the microstructural dynamics and forming process, superplastic forming was carried out on the separated surface and mid-thickness layers and on the composite sheet. To obtain the outer surface layer of 1 mm thickness, 2 mm thick material was removed from the other surface of the sheet. To get middle layer of 1 mm thickness, 1 mm thick material was removed from each surfaces. For forming of composite sheet, which consists of one half thickness from the surface layer and the other half thickness from the middle layer, 1.5 mm of material was removed from one surface and 0.5 mm of material from the other surface. Hence, 1 mm thick composite sheet contains 0.5 mm thick layers of both the microstructure. To get the individual layers the unwanted material was machined out by facing operation on a lathe machine. After removing the desired material all the sheets were mechanically polished to remove the damaged region and to give it an even surface finish. Final polishing was done using 1000 grid size emery paper. The polished sheets were then formed into hemispherical bulges, at constant temperature of 530 • C, using constant argon gas pressure. The three different pressures, corresponding to three different strain rates, used in the present study were-low (ε ∼ 4 × 10
and high (ε ∼ 5 × 10 −3 s −1 ) forming pressures. The forming was continued to the level of crack formation whereupon the tests were stopped.
Strain measurements
After forming, the strain was measured in the tangential, circumferential and thickness directions. For locating the positions in the bulged sheet for strain mea- surements, the grids of concentric rings and radial lines were electro-chemically etched on the sheet before superplastic forming. Electrochemical etching was done at electrolytic condition of 9 V and 2.5 A current. The surface markers were introduced by scratching approximately 1 mm apart lines for circumferential and tangential strain measurements. The measurements were made from the center of the sheet to its periphery at five different locations, identifiable by the electro-chemically etched grid. The spacing between initial adjacent markers and their final positions were measured using an optical comparator. The distance between the markers was kept small so that the errors in measurements, expected due to surface curvature of the formed bulges, could be minimized. Engineering strain was calculated at each location using the initial and final marker spacings. For thickness measurement, a thin strip was sectioned along a radial line such that it contains both apex and edge of the dome. The strip was then mounted exposing the sectioned thickness. The thickness was measured in optical microscope after mechanical polishing.
Results
Superplastically formed bulge
Superplastic forming pressure was kept nearly constant through out the forming cycle. Fig. 2 shows the hemispherical bulges formed at different pressures. The bulges shown in Fig. 2(a) -(c) were obtained by forming at low pressure from surface (S) layer, middle (M) layer and composite (Co) layer of the sheet respectively. The bulges in Fig. 2(a) and (b) are seen to deviate from spherical symmetry whereas the same obtained from Co layer in Fig. 2c exhibits much better profile and uniform curvature. Fig. 2(d)-(f) shows the bulges formed at the interme- diate pressure, from S, M and Co layers, respectively. The bulges formed from S as well as Co layers in Fig. 2(d) and (f), respectively), shows spherical symmetry whereas that formed from M layer, Fig. 2(e) , is seen to deviate from it. The bulges formed at the high pressure, using the sheets from the S, M and Co layers, are shown in Fig. 2(g)-(i), respectively) . The contour of all the bulges appears to be of prolate spheroid shape. The maximum height attained by the bulges at this pressure is also much less than that formed at other pressures.
Bulge forming for all the cases was continued till the initiation of cracks in the sheet being formed. As expected, the cracks were found to develop at the apex of the dome, as shown in Fig. 3 The parameters listed are; total forming time, maximum height attained by the bulge, coefficient b 2 in Eq. (2) (index of geometry of the bulge) and slope of the line fitted to the thinning factor.
and (b) for the low and high forming pressures, respectively. At lower pressure ( Fig. 3(a) ), no pinhole was observed in the present work, unlike that reported in 7475 Al alloy [23] . The bulge was found to fail with a single crack like opening at low pressure, Fig. 3(a) . However, at high pressure of forming the failure occurred with multiple cracks (Fig. 3(b) ).
Total forming time
The duration of forming cycle and the maximum height attained by the bulges formed from different layers are presented in Table 1 under all the conditions of forming. The total forming time, until failure occurred, was found to be more for the forming of M layer than that of the outer S layer. The difference in the initial microstructures of the two layers (Fig. 1) seems to be the cause for the difference in forming time. The S layer responds to forming pressure immediately, owing to its recrystallized equiaxed microstructure, considered to be favorable for superplastic deformation. In the case of initially elongated and unrecrystallized microstructure, typical of the M layer in this alloy, deformation during superplastic forming is sluggish (see total time in Table 1 ) due to unfavorable microstructure. However, the elongated and unrecrystallized microstructure in the M layer is reported [24] to evolve towards equiaxed grains with the progress in deformation. The forming time for the Co layer, on the other hand, exhibits dependence on the forming pressure-higher forming time than both the layers at lower pressure, in between time at intermediate pressure and lowest at high pressure of forming.
Strain
The engineering strain measurements for the analysis of superplastic forming process are usually carried out in three directions viz. tangential, circumferential and thickness. True strains in tangential (ε t ), circumferential (ε c ) and thickness (ε s ) directions were calculated using the relationship ε = ln(1 + e); the subscript t, c and s represent the respective directions of measurements. The effective strain is calculated using the relationship [25] given below:
The effective strains, calculated according to Eq. (1), are plotted in Fig. 4 against fractional height H p (=h/h p , where h p is the height of the apex of the dome and h is the height being measured at any point). The plot betweenε and H p deviates from linearity to exponential one with decrease in pressure, except for M layer, where the linearity is maintained at all pressures.
Thickness variation
The thickness variation is an inherent characteristic of the superplastically formed components. This is usually characterized by the thinning factor s/s, which is the ratio of actual thickness (s) to the ideal thickness (s). Ideal thickness is assumed as the uniform thickness at all locations for selected overall strain. Heres = s 0 /(1 + H 2 r ) is the ideal thickness of the sheet [26] , if it has been deformed into a hemisphere with uniform thickness, s and s 0 are the actual and initial thickness, respectively, and H r is relative dome height (H r = h p /R 0 , where h p is height of the dome and R 0 is the die radius).
The thickness of the sheet for all conditions of forming is plotted as thinning factor against effective plastic strain in Fig. 5 . The horizontal broken line, at the value of s/s = 1 of the ordinate, represents the case of uniform thickness that would be obtained upon superplastic forming under ideal condition. The thinning factor of the formed sheets, at different conditions of forming, is compared by the slope of the best fit line, as presented in Table 1 . The slope is a measure of thickness variation, and an increase in its value signifies a deviation from uniform thickness. At low pressure of forming Co layer show higher slope than S (minimum slope) and M layer (Fig. 5(a) and Table 1 ). At intermediate pressure (Fig. 5(b) ), Co layer exhibits slope in between S and M layers. At high pressure of forming (Fig. 5(c) ) Co layer shows an improvement in thinning factor over both the constituent layers. It is also important to note that the maximum height attained by the formed Co layer is always found to be more than the S and M layers. To sum it up, with increase in pressure both S and Co layer is showing significant reduction in thickness variation, whereas in M layer thickness variation is remaining more or less constant.
Bulge shape
During free bulging by gas pressure, the shape of the bulge is generally assumed to be a part of spherical geometry [1] though, in practice, the bulge shape developed is known to deviate from it [26, 27] . For determining the geometry of the bulge, Yang and Mukherjee [27] suggested a polynomial expression in terms of height (Z) and radial distance (X) of the point along the bulge as
where, b 0 , b 1 are constants and b 2 is the coefficient that determines the bulge profile. According to the equation, the bulge profile for b 2 = −1 will be circular, whereas, it will be prolate spheroid for b 2 between −1 and 0 [27] . The coefficient b 2 for the bulge formed in the present work (Fig. 2) were calculated using the above equation and the same are presented in Table 1 . It is evident from the values of b 2 given in Table 1 that the bulge approaches a circular profile at low pressure of forming. On the other hand, the increase in pressure of forming gives rise to a tendency for developing into prolate spheroid.
Discussion
High strain rate sensitivity index (m ≥ 0.3) is known to be the characteristic of superplastic deformation. Such high value of m promotes grain boundary sliding, which is believed to be the primary deformation mechanism during superplastic flow. The increase in the value of m is shown, both experimentally and analytically [7, [9] [10] [11] [12] 26, 27] , to reduce the thickness variation in the superplastically formed component. To take advantage of this, the modeling efforts in the literature are concentrated towards designing a pressure profile, so as to make the apex deform at a strain rate corresponding to the peak value of m. However, there occurs a large variation in strain rate from the apex to the edge of the bulge being formed. The strain rate drops by an order of magnitude or more towards the edge in comparison to that at the apex [7, 28] . Such a large variation in strain rate is also accompanied by variation in the magnitude of m, to the extent that some part of the bulge may be deforming in non-superplastic region (m < 0.3). The origin of the strain and strain rate variations during forming can be explained as follows. During superplastic forming, the unsupported part of the sheet especially that at the center of the die deforms readily on application of pressure whereas the constraint imposed by the die, at the edge, restricts deformation of the sheet in its vicinity. This local configurational variation leads to strain inhomogeneity from center to edge progressively with forming, i.e. the part of the sheet at the apex experiences increasingly greater strain than the part near the edge.
To complicate the matter further, the commercial grade AA8090 Al-Li alloy sheet exhibits microstructural gradient in through thickness direction. The S layer already contains wellrecrystallized equiaxed microstructure, which is known to be favorable for superplastic deformation. The unrecrystallized and elongated grains in the M layer evolve as a function of strain into equiaxed and recrystallized grains through the process of deformation induced continuous recrystallization (DICR) [16, 18, 19] .
Strain dependent microstructural evolution should be limited to the region which experience large strain during superplastic forming. As explained above, the center of the sheet (apex of the bulge) experiences considerable strain (Fig. 4) and as such the microstructural evolution should also be limited to this region. Hence, improvement in strain rate sensitivity of M layer with microstructural evolution will also be limited to the apex of the bulge. Consequently, the deformation will be easier in the apex region of the bulge whereas the flow of the material in the edge region of the bulge will be restricted by virtue of its still unfavorable microstructure for superplasticity. On the other hand, during forming of the S layer, the strain contribution of the edge to the overall bulging is significant. Therefore, the forming properties like thinning factor and bulge shape, which are measured for the whole bulge, show better results in case of S layer than in the case of M layer (Fig. 5 and Table 1 ). Hence, the modeling effort [9] [10] [11] [12] , where the pressure cycle is predicted by considering only the apex strain rate, may not lead to the optimum solution for reducing thickness variation of the component. This is because strain rate varies by an order of magnitude from apex to edge of the bulge [12] , and hence the different part of bulge may not be deforming at the strain rate corresponding to high m value.
Snyder et al. [29] reported in laminated composite of nonsuperplastic interstitial free iron (IF) and superplastic ultra high carbon steel (UHC) that the properties of composite follows rule of mixture with stronger component (UHC steel) dominating its behavior. The laminated composite reported to behave as a superplastic material with high m value and exhibiting elongation of 430%. The superplastic deformation behavior of composite (full thickness) and separated middle layers in 8090 Al-Li alloy were first reported by Blackwell and Bate [19] , who noted marginally higher m value and lower stress for composite (full thickness) than that for middle layer. However, Fan et al. [18] showed substantially higher m value for composite layer than separated surface and middle layers during uniaxial tensile deformation. Clearly, the flow properties in AA8090 Al-Li alloy do not seem to follow simple rule of mixture for a composite microstructure. Instead, it shows synergistic effect of the change in m value with strain in two constituent layers. To continue this argument in present work the thickness variation in Co layer is found to be comparable to that in S layer instead of showing a balanced effect of the constituent layers. This aspect can be seen more clearly in Fig. 6 , where the thickness strain is plotted against effective strain. The Co layer, as shown in Fig. 6(a) and (c), exhibits lower thickness strain than the S and M layers for equivalent effective strain. This is a significant observation since the thickness variation is very important criterion for superplastically formed components. It is interesting to note that similar results were reported by Fan et al. [18] for Co layer under uniaxial tension tests in this alloy, wherein the Co layer showed higher ductility (475%) than the constituent layers (ductility of 420% for S and 286% for M layers). The improvement in superplastic forming properties of Co layer, over those of the constituent layers, is very promising for superplastic forming application of the commercial materials which invariably contain inhomogeneous microstructures.
Conclusions
Superplastic forming of different layers of the sheet of AA8090 Al-Li alloy, having distinct microstructures, at low, intermediate and high pressures and at an optimum temperature of 530 • C led to following conclusions.
Superplastic formability of surface layer, having nearly equiaxed microstructure, is superior to middle layer, in terms of thinning factor and bulge shape. The unrecrystallized elongated microstructure existing in the middle layer, on the other hand, causes poor superplastic formability.
The composite layer, instead of following simple rule of mixture, exhibits promising tendency for better superplastic formability at relatively higher forming pressure. Such improvement in formability of composite layer (having inhomogeneous microstructure), in fact, provides potential for commercial utilization of constant pressure forming process rather than the variable pressure approach to maintain constant apex strain rate.
